We have studied the relative contributions of these processes in zygotes or early embryos of species that serve as model organisms for developmental genetics. Thus, we have microinjected a linearized plasmid substrate into zygotes of zebraf ish (Danio rerio) or into the posterior end of Drosophila melanogaster early embryos before pole cell formation. Similar to the situation observed previously in Xenopus zygotes/early embryos, we detected a large preponderance of DMAend joining over homologous recombination. A comparison of end-joined junctions revealed that from the three species tested, zebrafish introduced the least number of sequence distortions upon DMA-end joining, while Drosophila produced the largest deletions (average 14 bp) with occasional nucleotide patch insertions, reminiscent of the N nucleotides at V(D)J junctions in mammalian immune receptor genes. Double-strand gap repair by homologous sequences ('homologous recombination') involving a bimolecular reaction was readily detectable in both zebrafish and Drosophila. This involved specifically designed recombination substrates consisting of a mutagenized linear plasmid and DMA fragments carrying the wildtype sequence. Our results show that the basic machinery for homologous recombination is present at early developmental stages of these two genetic model organisms. However, it seems that for any experimental exploitation, such as targeted gene disruption, a both authors contributed equally to this work one would have to inhibit or bypass the overwhelming DMA-end joining activity.
Introduction
We have analyzed in a previous study the repair of linear DMA by either homologous recombination or by DMA-end joining in oocytes and fertilized eggs of Xenopus laevis (Hagmann et a/., 1996) . While DMA repair by homologous recombination prevails in stage VI oocytes, there is a remarkable shift after fertilization to an overwhelming predominance of DMA-end joining in the repair of linear DMA (Goedeckeefa/., 1992; Hagmannefa/., 1996) . This shift to nonhomologous end joining may reflect a need, during early embryogenesis, for rapid repair of DMA double strand breaks at the expense of accuracy (Hagmann et a/., 1996) . Here, we have extended this study to include early embryonic stages of two genetic model organisms, Drosophila melanogaster and the zebrafish Dar?/o rerio. In both species, transgenic animals can be produced and efficient mutagenesis protocols exist, e.g., by P-element insertion in Drosophila (Rubin and Spradling, 1982) . Insertional mutagenesis of zebrafish can be achieved by pseudotyped retroviral insertion (Gaiano ef a/., 1996) and transgenic lines expressing the introduced gene in a tissue-specific fashion can be generated by microinjection (Higashijima ef a/., 1997; Long ef a/., 1997). However, unlike in the mouse, targeted disruption of any gene via homologous recombination has not been achieved so far in zebrafish or Drosophila, which was the main reason we chose them for our recombination studies. Although we observe in both species significant levels of double-strand gap repair via recombination of homologous sequences, this mechanism acts only on a minority of the introduced template molecules.
Results and Discussion
For a first series of experiments, we used the dual specificity plasmid substrate pReco-which had been used previously in Xenopus. When linearized, this plasmid can be recircularized via two alternative and mutually exclusive pathways ( Figure 1A Fig. 1 Schematic Representation of the Plasmids Used.
(A) The pReco-σ assay. The circular form of the recombination vector pReco-σ (named after the 'sigma' shape of its recombining form) contains a disrupted Tef-gene ((Jet] AB and BC) with a partial internal duplication (B box). The inserted DMA consists mainly of a functional Kan r -gene. Digestion of pReco-σ with Sacl/Bg/ll results in the linearized recombination substrate. After introduction into cells, the linearized vector can be recircularized by either homologous recombination or nonhomologous DMA-end joining, resulting in plasmids conferring Tet-resistance (ρΑΤΊ 53) or Kan-resistance (pAT*-Kan), respectively (Hagmann ef a/., 1996) . (B) The pMut-trAmp assay, a bimolecular reaction most suitable for measuring double strand gap repair via homologous recombination. The circular form of the recombination vector pMut contains a mutagenized non-functional Amp-resistance gene (for details, see Materials and Methods). Upon linearization with Fspl or Psfl, the vector is coinjected into cells together with a 478 bp DMA fragment of a truncated wild-type Amp r gene (trAmp). Besides the double-stranded trAmp fragment, single-stranded wild-type oligonucleotides were also used (see Materials and Methods). Amp-resistance can be restored via homologous recombination between pMut and trAmp which results in the original plasmid, pACYC 177. Alternatively, the linear vector can be end-joined, resulting in a plasmid which only confers resistance to kanamycin. between two internally duplicated stretches of DMA within the tetracycline (Tet)-resistance gene yields a functional Tef gene, which is detected in a bacterial transformation assay. On the other hand, nonhomologous DMA-end joining results in kanamycin (Kan)-resistance. These features allow the simultaneous detection of both types of recombination events. To quantify and compare the efficiencies of the two recombination processes under various assay conditions, the DMA recovery of each sample was monitored by the number of chloramphenicol (Cm)-resistant colonies due to the coinjected pCm184 circular reference plasmid (Hagmann ef a/., 1996) . As an alternative to bacterial transformation with recombination products, for some experiments we designed a novel PCR-based detection method. In this case, recombination products were analyzed with various pairs of primers located in either the Tet-or the Kan-resistance gene. Although it is only semi-quantitative, the PCR-based detection is somewhat faster and more sensitive than the electroporation procedure. This alternative assay confirmed previous results from Xenopus oocytes and early embryos (data not shown). In the second part of our analysis, we have specifically looked for double strand gap repair via homologous sequences, using a bimolecular substrate reaction ( Figure  1B) . (This mechanism hitherto will be simply referred to as homologous recombination, to avoid confusion with DMA-end joining also addressed in this report).
Fertilized eggs of zebrafish were microinjected with 50 and 200 pg of linearized pReco-σ plasmid DMA per egg (Figure 2) . The experiments in zebrafish were performed both in the presence (Figure 2A and B) or absence ( Figure  2C ) of spermine/spermidine. These two related polycationic substances are frequently coinjected with DNA to generate transgenic mice and, more recently, also trans- , and (C), respectively) were injected into freshly fertilized eggs of Drosophila, typically less than 1 h after egg laying, and incubated for the indicated time periods. The amount of end-joined plasmids conferring Kan-resistance (circles) increased with higher amounts of injected DMA. Homologous recombination, as indicated by the number of Tefcolonies (triangles), was much lower than DMA-end joining.
genic zebrafish (R Spaniol and T. Gerster, unpublished) . Spermine/spermidine may protect DNA against degradation and/or keep it accessible to repair enzymes. Fertilized eggs of Drosophila were tested with increasing amounts of DNA (60, 200, 600 pg of linearized DMA per embryo) ( Figure 3 ). Some of the fertilized eggs/early embryos were lysed immediately after injection with detergent and/or deep freezing, while others were incubated for various time periods as indicated before lysis. DNA was then extracted, competent Escherichia coll DH5« cells were transformed by electroporation and plated under different selective conditions (chloramphenicol as an internal control for DNA recovery, ampicillin to determine the total number of colonies, kanamycin to determine DNA-end joining, and tetracycline to determine homologous recombination). In both organisms, there was a rapid increase in the number of Kan r -colonies indicative of efficient DNAend joining. This joining activity was approximately proportional to the amount of injected DNA (Figures 2 and 3 ). With coinjected spermine/spermidine, the number of Kan r -colonies was still increasing after the one-hour time point, while it leveled off in their absence. Therefore, spermine/spermidine enhance DNA-end joining, and apparently also homologous recombination, in zebrafish ( Figure  2A and B vs. Figure 2C ).
The observed end joining activity was verified by direct sequencing of a number of colonies from different experi- ments. The sequences of junctional regions, as shown in Figure 4A for both a completely filled-in and an imperfectly repaired junction, were compared to those recovered from Xenopus fertilized eggs. The results show that the junctions were quite heterogeneous, typically with small deletions at the junction point ( Figure 4B ). However, a closer inspection revealed some differences between species, particularly between vertebrates on one hand, and Drosophila on the other. The range of deletions was smallest in zebrafish, i.e., zebrafish embryos are able to perform quite faithful DNA-end joining with a relatively low error load. In fact, completely filled-in junctions were only recovered from zebrafish. While such filled-in junctions were obtained from DNA-end joining reactions in Xenopus egg extracts (Thode et a/., 1990) they are hardly, if at all, produced upon microinjection into fertilized Xenopus eggs (Lehman et a/., 1994 and Figure 4B ). The greatest junctional variability was produced in Drosophila, and in addition there was a correlation between the amount of DNA injected and the extent of the deletion, suggesting
Average deletion at junction: (A) The end structure of the linear pReco-σ substrate (top) and a completely filled-in junction, as recovered from injected zebrafish eggs (middle), are shown. The bottom depicts one example from Drosophila with a deletion of 21 bp and concomitant insertion of 5 bp at the junction site; from the left hand side, 19 bp were deleted, i.e., the leftmost ACGA in the top strand of the upper two panels corresponds to the ACGA abutting the insert.
(B) Sequence analysis of the junction in Kan r -colonies recovered from Xenopus, zebrafish, and Drosophila. Deletions (in bp) on either end, as well as in total are given. Insertions of a few base pairs were only found in Drosophila', the TCTCA insert is shown as an example under (A). The average deletion in these experiments was shortest in zebrafish (5 bp) and almost 3-times longer in Drosophila (14 bp).
that the repair system is heavily taxed by high concentrations of free DNA ends ( Figure 4B and data not shown). In the process of DNA end repair, microhomologies, i.e. sequence complementarities of 1 -6 bases at the two ends, can facilitate joining (Thode ef a/., 1990; Ramsden and Geliert, 1998) . Such microhomologies may also have played a role here: one specific 9 bp deletion found in seven independent isolates (six from Drosophila, one from zebrafish, designated 0/-9/-9 in Figure 4B ) could have been generated by an overlap of the sequence GATC. Curiously, in Drosophila we observed also insertions of extra nucleotides at the junctional breakpoint ( Figure 4A and B) . These extra nucleotides were not obviously related to other sequences in their vicinity. This phenomenon is reminiscent of the addition of so-called N nucleotides by terminal deoxynucleotidyl transferase (TdT) during V(D)J recombination of vertebrate immune receptor genes (reviewed in Lewis, 1994; Gilfillan ef a/., 1995; Hagmann, 1997) . However, TdT may not be the only enzyme capable of producing 'filler' sequences, since even in non-lymphocyte mammalian cells, DMA-end joining occasionally resulted in oligonucleotide sequences not related to the junction (Roth et a/., 1991) .
Both zebrafish and Drosophila yielded in the pRecoassay only few Tef-colonies indicative of homologous recombination (Figures 2 and 3) . Their numbers were too small for an unambiguous assignment, especially since the recombination substrate always yields a background of spontaneous homologous recombination within the bacterial host (as discussed in Hagmann ef a/., 1996). To overcome the background problem and to specifically detect homologous recombination, we devised a bimolecular substrate assay that is based on separately cloned partner molecules. One of the substrates was a plasmid containing an Amp r -gene that had been mutagenized by introducing either a frameshift point mutation or a UAA Stop codon, yielding pMut-F and pMut-S, respectively (Figure 1 B; for sequences see Materials and Methods). Suitable restriction sites were also inserted into the plasmid to allow its linearization at the site of mutation. The partner molecule consists of a 478 bp fragment of wildtype sequence covering the mutated region of the ß-lactamase gene ('trAmp'; Figure 1 B). With this bimolecular system, homologous recombination turned out to be readily detectable even within an overall excess of DNA-end joining.
The truncated Amp r gene (trAmp) fragment was added at different concentrations to linearized or circular pMutplasmid, and both were coinjected into stage VI oocytes of Xenopus, orfertilized eggs of zebrafish or Drosophila. As a recipient, we first tested the so-called pMut-F plasmid which harbours a single nucleotide insertion in the ß-lactamase gene resulting in a frameshift (see Materials and Methods). Unexpectedly, this construct gave rise to spontaneous phenotypic reversion to Amp-resistance even in the absence of any wild-type DNA sequence. False positives were much higher in zebrafish than in Drosophila (not shown). Apparently, the efficient DNA-end repair in zebrafish as seen in Figure 4 had restored the Amp-resistance. Indeed, sequencing of several Amp r plasmids recovered from zebrafish injections revealed that in each of them a small number of nucleotides were deleted at the repair junction, thereby restoring the original reading frame (data not shown). The generally larger deletions in Drosophila (see Figure 4B ) seem to have precluded functional rescue by simple DNA-end joining. For most of the experiments, we thus used the pMut-S plasmid, which is more severely mutated in that it carries a Stop codon in the Amp-resistance gene. In pMut-S, Amp-resistance could not be easily restored in the absence of homologous recombination with a wild-type sequence.
Xenopus oocytes are known to support efficient homologous recombination (Carroll, 1983 ; Hagmann ef a/., 1996), which was confirmed by the pMut-trAmp assay ( Figure 5A ). As expected, the more trAmp fragment was used the more Amp r -colonies were recovered. However, the net increase was not strictly proportional to the amount of coinjected trAmp. The kinetics of the reaction were also altered: while the recombination reaction was virtually completed after 1 h with low amounts of trAmp, the number of Amp r -colonies at higher trAmp-concentrations was highest at the 6 h time point and might have further increased upon prolonged incubation ( Figure 5A ). In addition to the double-stranded trAmp-f ragment, we also tested two single-stranded oligonucleotides of wild-type sequence, spanning the mutated region, either unmethylated or methylated at all cytosine residues (for sequences, see Materials and Methods). Since doublestranded DNA with 5-methylcytosine is particularly stable (Butkus ef a/., 1987), we were interested to see whether methylated DNA might facilitate strand invasion during homologous recombination. Both these oligonucleotides, irrespective of methylation, also yielded some colonies indicative of homologous recombination, but their number was only about 5% of the value observed with the 478 bp trAmp DNA segment ( Figure 5A ). Recombination with the single-stranded oligonucleotides seemed to be slightly more efficient in Xenopus compared to the other two species in that, at least with the methylated oligonucleotide, levels were in the same range as those with the lowest concentration of trAmp ( Figure 5A ). Nevertheless, on a molar basis the trAmp fragment was about 1000 fold more efficient than the single-stranded oligonucleotides, which were injected at very high concentrations. It remains to be seen whether recombination with oligonucleotides was inefficient due to the short sequence homology, or to rapid degradation of DNA ends in Xenopus oocytes which is well documented (see, e.g., Hagmann ef a/., 1996). There is a report on efficient homologous gene targeting by synthetic oligonucleotides in lymphocytes (Cole-Strauss ef a/., 1996); however, these findings have been questioned (Stasiakef a/., 1997).
With the pMut-S construct the background in zebrafish was very low, and homologous recombination could be easily detected ( Figure 5B ). Similar to the situation with Xenopus, recombination was most efficient and dose-de-pendent with the double-stranded trAmp-fragment, while both single-stranded oligonucleotides were hardly active. Also in Drosophila, homologous recombination with the double-stranded trAmp fragment was quite impressive ( Figure 5C ). Even though homologous oligonucleotides have been used for gap repair in Drosophila (Banga and Boyd, 1992) , in our hands the oligonucleotides were only marginally active ( Figure 5C ).
In all cases homologous recombination was strictly dependent upon linearization of the plasmid substrate. In other words, if one of the partner molecules was circular, i.e., uncut plasmid, homologous recombination occurred only at background levels, despite the second recombination partner being linear. Furthermore, coinjection into Xenopus eggs of bacterial proteins involved in recombination processes, namely purified RecA protein and/or single strand binding protein (SSB), also did not yield any significant homologous recombination with uncut plasmid DMA. In the case of a linearized substrate, RecA led to a moderate increase in the recombination efficiency (at most 2-fold; data not shown). The requirement for two linear substrates to achieve homologous recombination is not unexpected: in both murine somatic cells and embryonic stem cells, homologous recombination can be boosted 50-to 100-fold if the chromosomal gene is linearized by a rare-cutting restriction enzyme (Smih ef a/., 1995 and references therein) .
Our analysis of the fate of microinjected DMA shows that there is a significant degree of homologous recombination in all three systems of rapidly developing zygotes/early embryos, namely in Drosophila, zebrafish and Xenopus. Nevertheless, there is an overwhelming preponderance of DNA-end joining in the fertilized eggs of these organisms. This DNA-end joining activity is most faithful in zebrafish under the conditions tested since deletions are shorter when compared to the other two species.
Since both Drosophila and zebrafish have gained wide recognition as genetic model organisms, our studies might be viewed as preliminary experiments towards experimental induction of homologous recombination, e.g., to achieve targeted gene disruption in these animals. Recently, a phenomenon designated 'parahomologous' recombination has been described in Drosophila, which leads to the chromosomal integration of introduced DNA in the vicinity of homologous sequences (Cherbas and Cherbas, 1997 ; see also Hama ef a/., 1990; Whiteley and Kassis, 1997). Despite generally targeting a particular chromosomal locus, this type of recombination does not allow precise predetermined alterations of the genome. To achieve and optimize true gene targeting by homologous recombination, model experiments might have to include chromosomally integrated target DNA, preferably with the possibility of linearizing it to facilitate recombination, as discussed above (Smih ef a/., 1995) .
In Drosophila, where true gene targeting of any chosen gene has not been achieved so far, the DNA break generated by the mobilization of a P element transposon is indeed amenable to repair by homologous sequences (Ban- Carroll, 1983; Hagmann et a/., 1996) . A schematic overview of the bimolecular reaction is given in Figure 1 B. At a given concentration of 100 ng/μΐ pMut-S recipient plasmid, increasing concentrations of trAmp fragment were coinjected (10 ng/μΐ, 100 ng/μΐ or 1 mg/μΐ, corresponding to molar ratios trAmp/pMut-S of 0.8, 8, or 80, respectively). The efficiency of homologous recombination was dose-dependent: the more double-stranded trAmp fragment was injected [cross (10 ng/μΐ), diamond (100 ng/μΐ), and circle (1 μg/μl)] > the more Amp rcolonies were recovered. With either methylated (square) or unmethylated (triangle) single-stranded oligonucleotides (1 μg/μl) > the frequency of homologous recombination was about 5-10% of the value seen with the 478 bp trAmp fragment. (B) In zebrafish, homologous recombination between trAmp and pMut-S recipient DNA was also more efficient with high concentrations of trAmp (10 ng/μΐ; cross vs. 100 ng/μΐ; diamonds, corresponding to molar ratios trAmp/pMut-S of 0.8 and 8, respectively). Results with methylated and unmethylated single-stranded oligonucleotides are indicated by squares and triangles, respectively. As in Figure 2A and B, the injection buffer contained spermine/spermidine. (C) In Drosophila, coinjection of linearized pMut-S plasmid (100 ng/μΐ) with the double-stranded trAmp fragment (500 ng/μΐ; circles) revealed efficient homologous recombination. Methylated (square) or unmethylated (triangle) single-stranded oligonucleotides were again inefficient recombination substrates. The absolute number of colonies may not be directly comparable between species because of differences in amount and concentration of DNA and/or protocol of injection.
gaand Boyd, 1992; Lankenau, 1995; Keeleref a/., 1996) .
In any case, our studies show that in order to obtain homologous recombination at appreciable frequency in zebrafish and Drosophila, one would have to inhibit or bypass the predominant DMA-end joining activity in these species. One possibility might be to use a different developmental stage of the germ cells: in our previous report we found thatXenopi/s oocytes, in marked contrast to mature eggs and early embryos, lack any appreciable DNA-end joining activity. Thus oocytes preferentially repair DMA by homologous recombination, and we have proposed to consider oocytes and/or other germ cells for gene targeting studies (Hagmannef a/., 1996) .
Alternatively, one would have to specifically inhibit the DNA-end joining apparatus in zygotes/early embryos, e.g., by substrate inhibition (see also Hagmann ef a/., 1996) , or by specific targeting of the proteins involved. For example, Ku antigen, a heterodimeric protein, has been shown to be involved in DNA double strand break repair. Ku is required for proper alignment of DNA ends in V(D)J rearrangement, and cells lacking Ku antigen have to resort to microhomologies for DNA end joining (Ramsden and Geliert, 1998) . Ku, which is part of the multisubunit DNAdependent protein kinase (DNA-PK) (Jackson and Jeggo, 1995; Weaver, 1995) might thus be a possible target for manipulation of cellular recombination systems, as is poly-ADP-ribose polymerase (PARP) . Elimination of the PARP gene by targeted gene disruption results in a greatly increased frequency of homologous recombination, at least between sister chromatids (Wang ef a/., 1997; Menissier de Murcia ei a/., 1997). Interestingly, PARP activity in Xenopus appears at the oocyteto-egg transition stage (Aoufouchi and Shall, 1997) , which parallels the transition to efficient DNA-end joining (Goedecke ef a/., 1992; Hagmann ef a/., 1996). Finally, gene targeting may be facilitated by selective overexpression of proteins promoting homologous recombination (Bezzubovaefa/., 1997).
Materials and Methods

Plasmid Construction and Oligonucleotides
The recombination vector pReco-σ and the internal reference plasmid pCm184 have been described previously (Hagmann ef a/., 1996) . The primers used for the PCR-based detection of recombination products (Tef or Kan r , see 
Zebrafish Egg Injections
The injection buffer and the experimental setup for injections were as previously described (Hauptmann and Gerster, 1996) . For most experiments, both spermine (30 μΜ) and spermidine (70 μΜ) were included. An amount of about 1 nl of solution was injected at the indicated DNA concentrations into freshly fertilized zygotes.
(Although it is difficult to measure the injected volume in absolute terms, care was taken to ensure a constant injection volume into all zygotes of an injection series. In addition, the relative recovery of chloramphenicor control plasmid allowed an independent volume estimation). Oligonucleotides were used at a concentration of 1 μg/ml injection buffer in all three species. After the times indicated the zygotes were harvested in lysis buffer and quickly frozen (see below).
Xenopus laevis Oocyte/Egg Injections
Approximately 10 nl DNA solution were injected into each Xenopus laevis oocyte/fertilized egg as previously described (Hagmann ef a/., 1996). The zygotes/early embryos were harvested after the times indicated by resuspension in lysis buffer (see below).
Drosophila me/anogasfer Egg Injections and DNA Extraction
Approximately 1 nl of DNA solution was injected into Drosophila rosy 506 embryos prior to pole cell formation, which was about 1 hour AEL (After Egg Laying), according to the standard P-element mediated transformation protocol (Rubin and Spradling, 1982) . Twenty embryos were injected per time point and incubated at 18°C for various time periods as indicated. The embryos were frozen quickly in liquid nitrogen, lysed in 50 μΐ lysis buffer (0.1 Μ Tris pH 9.0,0.1 Μ EDTA, 1 % SDS and 0.5 μΐ diethyl pyrocarbonate), ground for 1 minute and incubated at 68-70°C for 30 minutes. After RNase A digestion, DNA was extracted serially with phenol, phenol/dichloromethane and dichloromethane and subsequently precipitated. Finally, DMA was resuspended in 0.1 x TE(TEis lOmMTris, 0.1 ΓΠΜ EDTA, pH 8).
DNA Extraction and E. coli Electroporation
After the indicated incubation times, pools of 10 oocytes or eggs from Xenopus laevis or pools of 20 eggs from Dan/o rer/o (zebrafish) were taken up in 400 μΐ lysis buffer (50 ΓΠΜ NaCI, 50 ΓΤΙΜ Tris-HCI pH 7.5, 5mM EDTA, 0.5% SDS, 1 mg/ml Proteinase K), frozen quickly, incubated for 1 h at 37 °C, and frozen at -80°C. DNA was extracted as described above. DNA and the coextracted RNA were resuspended in TE, after which appropriate amounts were electroporated into competent E. coli DH5a cells, and the bacteria were plated on antibiotic-containing LB agar plates (Hagmann et a/., 1996) . Most data points in Figures 2,3 and 5 represent the average of three independent electroporations.
